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ABSTRACT 


Magnetic  induction  and  axial  electric  field  strength  were 
measured  in  a  low  density,  short  parallel  plate,  rail  gun  discharge. 
Current  sheet  tilt  angles  ranging  from  19  degrees  to  46  degrees  were 
observed  in  helium  and  nitrogen  at  pressures  from  0.07  torr  to  0.75  torr . 
Tilt  angle  did  not  appear  to  be  an  obvious  function  of  gas  pressure.  On 
the  other  hand,  axial  electric  field  strength  seemed  to  affect  the  tilt 
angle  since  stronger  field  strength  corresponded  to  weaker  tilt.  A  neg¬ 
ative  axial  electric  field  was  observed  in  the  current  sheet  region  adj¬ 
acent  to  the  cathode.  This  negative  field  region  increased  monotonical- 
ly  with  pressure  and  was  much  larger  in  nitrogen  than  in  helium.  The 
fraction  of  the  discharge  current  carried  by  ions  increased  with  pres¬ 
sure  and  was  larger  in  nitrogen  than  in  helium. 
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CHAPTER  1 


INTRODUCTION 


1.1  Purpose  of  thesis 

In  1956  Rosenbluth^  presented  a  theoretical  study  of  the  dy¬ 
namics  of  an  electrically  pinched  gas  [  see  chapter  3  ] .  His  model 
indicated  that  a  very  fast  moving  sheath  of  plasma  could  be  created  by 
a  magnetically  driven  shock  wave.  It  was  originally  hoped  that  such  a 
scheme  could  produce  sufficient  densities  and  temDeratures  to  be  of 
thermonuclear  interest.  Experimental  results  have  so  far  not  born  this 
out. 

However,  magnetically  driven  shock  waves  have  many  other  uses. 
The  hot,  dense  plasma  produced  in  these  devices  can  be  used  for  many 
basic  plasma  investigations.  They  are  used  extensively  for  shock  wave 
studies.  Various  rocket  propulsion  systems  have  been  designed  and  stud¬ 
ied  which  use  an  electromagnetically  accelerated  plasma  for  thrust.  And 
more  recently  it  has  been  suggested  that  an  electromagnetic  plasma  gun 

2 

could  be  used  as  a  neutral  gas  injector  for  stabilizing  a  fusion  device  . 

Although  electromagnetically  produced  shock  waves  have  many 
promising  uses,  very  little  is  known  about  the  structure  of  the  shock 
wave  itself.  In  particular,  a  model  explaining  all  of  the  phenomena 
occur ing  in  the  current  sheet,  which  drives  the  shock  in  a  plasma  accel¬ 
erator,  has  not  yet  been  developed.  One  such  phenomenon  is  the  tilting 
of  the  current  sheet  so  that  the  part  of  the  current  sheet  nearest  the 
anode  of  the  accelerator  travels  ahead  of  the  current  sheet  nearest  the 


cathode . 
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The  purpose  of  this  thesis  is  to  investigate  the  tilt  in  the 
current  sheet  in  a  short  parallel  plate  plasma  accelerator  as  a  function 
of  pressure  and  gas  type.  The  region  investigated  is  that  of  low  pres¬ 
sure  [0.07  -  0.75  torr],  resulting  in  current  sheet  speeds  centered  ar¬ 
ound  6  cm/jjsec.  This  velocity  range  was  chosen  because  a  variation  in 

3  4 

tilt  with  pressure  had  been  found  in  hydrogen  in  this  region  ’  . 

1.2  Scope  of  thesis 

C  £ 

This  thesis  is  an  extension  of  work  carried  out  by  Lovberg  * 

3  4 

and  Pert  *  on  the  structure  of  a  current  sheet  formed  in  a  short  paral- 

3  4 

lei  plate  plasma  accelerator.  Pert  *  found  a  transition  between  a  per¬ 
pendicular  and  a  tilted  current  sheet  to  occur  at  about  0.3  torr  in  hy¬ 
drogen.  A  similar  transition  was  expected  in  helium  and  nitrogen  in 
this  pressure  region. 

Electric  field  strength  and  magnetic  induction  were  measured 
in  the  current  sheet  with  a  floating  dual-electrode  electrostatic 
probe  and  a  small  radius  coil  magnetic  probe.  Magnetic  induction  pro¬ 
files  show  the  shape  of  the  current  sheet  and  thus  illustrate  the  tilt 
[see  Appendix  A] .  Electric  field  strength  profiles  indicate  whether  the 
ions  present  in  the  sheet  were  accelerated  by  the  electric  field  or  by 
the  magnetic  field.  If  the  electric  field  strength  was  insufficient  to 
accelerate  the  ions  to  current  sheet  velocity  then  they  must  have  been 
accelerated  by  the  magnetic  induction.  Electric  field  strength  profiles 
have  not  previously  been  recorded.  Hopefully  they  will  shed  more  light 


onto  the  microstructure  of  the  current  sheet. 
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CHAPTER  2 


EXPERIMENTAL  CONDITIONS 


2,1  Apparatus 

The  experimental  apparatus  consisted  of  a  short  parallel  plate 
plasma  accelerator  placed  inside  a  vacuum  chamber  with  ports  for  prob¬ 
ing  along  three  axes.  An  energy  storage  capacitor  was  connected  to  the 
accelerator  electrodes  via  a  thyratron  triggered  spark  gap.  Magnetic 
and  electrostatic  probes  were  inserted  through  the  ports  into  the  gun. 

An  oscilloscope  was  used  to  monitor  all  signals.  Figure  2.1  schemat¬ 
ically  represents  the  experimental  apparatus. 

Two,  polished-flat,  stainless-steel  plates  were  used  for  the 
electrodes  of  the  accelerator.  They  were  mounted  on  a  flat  piece  of 
1/4  in.  thick  pyrex  glass  with  a  separation  of  2.5  cm  between  their 
adjacent  faces.  The  electrodes  were  8  cm  wide,  7.5  cm  long  and  0.6  cm 
thick.  A  0.8  cm  diameter  hole  was  drilled  on  the  centerline,  4.4  cm 
from  the  back-plate  through  the  top  electrode,  to  allow  the  insertion  of 
a  probe  into  the  current  sheet.  Thin  teflon  bushings  separated  the 
electrodes  from  the  back-plate,  and  back-plate  from  the  end  plate  of  the 
vacuum  chamber . 

The  vacuum  chamber  was  15  cm  in  diameter  and  13  cm  long,  con¬ 
structed  from  stainless-steel  with  a  pyrex  glass  end  plate.  Ports  were 
placed  in  the  vacuum  chamber  to  allow  probing  from  the  top,  side,  and 
muzzle  end  of  the  plasma  gun.  These  three  probing  axes  intersected 
midway  between  the  top  and  bottom  electrodes,  midway  from  side  to  side 


. 
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Figure  2.1  Schematic  diagram  of  a  parallel  plate  plasma  accelerator. 

1.  Accelerator  electrodes 

2.  Accelerator  back-plate 

3.  Probes 

4.  Vacuum  chamber  end  plate 

5.  Gas  inlet 

6.  Connecting  pipe  to  vacuum  pump 

7.  Rogowski  coil 

8.  Thyratron  triggered  spark  gap 
Energy  storage  capacitor 
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of  the  plasma  gun  and  4.4  cm  from  the  back-plate  end  of  the  gun.  Thus 
the  current  sheet  could  be  completely  probed  from  top  to  bottom,  side  to 
side  and  front  to  back.  Gas  was  metered  into  the  top  of  the  vacuum  cham¬ 
ber  and  pumped  out  the  bottom.  A  mercury  vapour  diffusion  pump  with  a 
nitrogen  filled  cold  trap,  pumping  in  conjunction  with  a  roughing  pump 
could  maintain  a  pressure  of  one  micro-torr  in  this  system.  Gas  pres¬ 
sure  inside  the  chamber  was  monitored  with  an  ionization  guage  and  Pir- 
ani  guage. 

A  14,5  pF  energy  storage  capacitor  was  connected  to  the  plasma 
gun  via  a  spark  gap  switch  and  a  low  inductance  short  parallel  plate 
transmission  line  bolted  onto  the  accelerator  electrodes.  Thin  sheets 
of  mylar  separated  the  two  3.5  in.  wide  copper  leads  used  for  the  trans¬ 
mission  line.  The  three  electrode  spark  gap  switch  was  a  swinging  cas¬ 
cade  type.  A  direct  current  power  supply  charged  the  capacitor  through 
a  100  k  ohm  resistor.  The  charging  current  was  limited  to  40  mA  and  the 
voltage,  limited  to  20  k.V,  was  monitored  with  a  DC  volt  meter. 

Magnetic  induction  present  in  the  current  sheet  was  measured 
with  standard  magnetic  probes  of  the  type  described  by  Lovberg^ .  They 
had  20  turns  of  46  guage  copper  wire  wound  on  a  0.9  mm  diameter  air  core. 
The  leads,  which  were  twisted  to  shield  against  unwanted  magnetic  pickup 
and  to  form  a  low  inductance  pair,  were  connected  to  a  subminiature  co¬ 
axial  cable,  A  0.4  cm  diameter  sealed  quartz  glass  tube,  which  was  in¬ 
serted  through  a  probing  port  into  the  space  between  the  accelerator 
electrodes,  surrounded  the  coil.  Passive  integration  of  the  probe  sig¬ 
nal  produced  the  desired  magnetic  induction  since  the  emf  induced  on  the 
probe  coil  was  proportional  to  dB/dt.  Magnetic  probes  were  calibrated 
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using  a  signal  obtained  from  a  known  0.33  MHz  oscillating  magnetic  field. 
This  reference  field  was  created  by  discharging  a  small  capacitor  through 
an  air  core  solenoid.  Measured  values  of  voltage  and  current  for  the 
solenoid  determined  the  magnitude  of  this  field. 

Electric  field  strength  in  the  plasma  was  measured  with  a  dif¬ 
ferential-field  probe  described  by  Lovberg^ .  The  probe  used  was  ident- 
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ical  in  design  to  that  used  by  Pert  .  It  was  a  screened  two-pin  probe 
encased  in  0.6  cm  diameter  quartz  glass  tubing  with  tungsten  wire  elect¬ 
rodes  0.2  cm  long  and  separated  by  0.15  cm.  The  leads  were  twisted  and 
shielded  and  connected  to  two  subminiature  coaxial  cables  which  led  to 
a  differential  transformer.  This  screened  common  mode  rejection  trans¬ 
former  had  23  turns  resulting  in  a  bandwith  of  2.6  MHz. 

Throughout  the  experiment  a  dual  beam  Tektronix  556  oscilloscope 
was  used  to  display  the  probe  signals.  It  had  an  adequate  bandwidth  for 
all  signals  produced  by  the  probes.  A  Rogox^ski  coil  was  positioned  be¬ 
tween  the  external  leads  providing  a  signal  to  externally  trigger  the 
oscilloscope . 

2.2  Operating  conditions 

To  ensure  a  clean  environment  for  the  plasma  accelerator  to 
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operate  in,  the  vacuum  chamber  was  pumped  down  to  a  pressure  of  10  torr 
before  measurements  were  made.  In  addition,  the  plasma  gun  first  had  to 
be  fired  several  times  in  succession  to  reduce  the  amount  of  absorbed  gas 
on  the  back-plate  and  electrodes  to  an  equilibrium  level.  Once  this  was 
accomplished  the  current  sheet  was  very  reproducible  from  shot  to  shot. 

The  plasma  accelerator  was  fired  with  gas  continuously  flowing 
through  the  vacuum  chamber.  No  gas  injection  system  was  employed. 

Enough  time  elapsed  between  firings  of  the  plasma  gun  to  allow  the  back- 
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ground  gas  to  be  replaced  by  a  fresh  supply. 

For  all  measurements  of  the  current  sheet  the  capacitor  was 
charged  to  16  kV  before  firing.  Measurements  were  only  taken  during  the 
first  half  cycle  of  the  discharge. 

Current  sheets  were  probed  in  helium  with  background  pressures 
of  0.1,  0.25,  0.5,  and  0.75  torr  and  nitrogen  at  0.07,  0.1,  0.3,  and  0.5 
torr . 

All  sets  of  data  were  obtained  by  making  two  passes  along  a 
probing  axis.  For  example  measurements  were  made  at  points  on  the  vert- 
icle  axis  starting  at  the  topmost  position  and  working  down  to  the  low¬ 
est  position,  then  progressing  back  up  to  the  top.  This  was  done  to  en¬ 
sure  that  the  current  sheet  parameters  did  not  vary  in  time  from  the 
beginning  to  the  end  of  a  data  set.  In  addition,  a  magnetic  probe 
signal  from  the  edge  of  the  current  sheet  was  always  recorded  simultan¬ 
eously  with  each  measurement.  If  this  reference  signal  was  constant  then 
it  was  assumed  that  the  current  sheet  was  reproducible  throughout  the 
data  set.  Two  measurements  from  successive  firings  were  recorded  on  the 
same  photograph  to  further  ensure  that  reproducibility  of  the  current 
sheet  was  occuring. 

Measurements  of  magnetic  induction  and  electric  field  strength 
in  the  current  sheet  were  taken  as  the  current  sheet  travelled  past  the 
probes,  that  is,  all  measurements  were  taken  as  a  function  of  time  at 
constant  position.  Thus  a  spatial  picture  of  the  current  sheet  at  one 
time  was  not  obtained,  but  rather  a  one  dimensional  spatial  picture  as 
it  varied  with  time  was  plotted.  Because  of  this  diagnostic  method 
caution  should  be  emphasized  when  interpreting  the  results.  A  simple 
velocity  transformation  to  obtain  a  spatial  picture  of  the  current  sheet 
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may  not  be  completely  accurate  since  the  total  current  flowing  through 
the  current  sheet  varied  slightly  during  the  measurement  time.  This 
variation  in  total  current  was  due  to  the  underdamped  R-L-C  oscillation 
of  the  discharge.  Measurements,  taken  over  1/8  of  the  period  of  oscil¬ 
lation,  were  centered  on  the  first  peak  of  the  discharge  current. 


* 
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CHAPTER  3 

THEORETICAL  AND  EXPERIMENTAL  MODELS 

3.1  Production  of  a  current  sheet 

Gaseous  breakdown  between  two  electrodes  of  a  parallel  plate 
plasma  accelerator  produces  a  current  sheet.  Tracking  along  the  face  of 
the  back-plate  starts  the  breakdown.  The  magnetic  field  produced  by  this 
breakdown  current  interacts  with  the  current  carriers  to  form  a  x  B 
force  on  the  current  sheet,  accelerating  it  away  from  the  back-plate. 
Figure  3.1  indicates  the  relative  positions  and  directions  of  electrodes, 
fields,  and  current  sheet  as  well  as  a  reference  frame  to  be  used  through¬ 
out  the  discussion. 

3.2  First  theoretical  model 

In  1956  Rosenbluth^  discussed  the  feasibility  of  accelerating 
a  plasma  with  a  propagating  current  sheet.  His  model  -  based  on  the  as¬ 
sumptions  that  the  current  sheet  propagated  with  a  velocity  large  com¬ 
pared  to  the  thermal  velocity  of  the  plasma  into  a  non-magnetized ,  fully 
ionized  plasma  -  indicated  that  all  particles  coming  into  contact  with 
the  current  sheet  would  be  reflected  by  the  magnetic  field,  provided  that 
no  particle  collisions  took  place  during  the  contact  [  see  figure  3.2  ]. 
That  is,  a  charged  particle  which  travelled  into  a  magnetic  field  region 
would  be  turned  about  by  the  cyclotron  effect  and  leave  the  region  in  the 
opposite  direction.  Furthermore,  the  plasma  was  taken  to  be  a  perfect 
conductor  with  a  thin  current  sheet  on  its  surface  which  separated  the 
plasma  from  the  magnetic  field  region.  A  space  charge  electric  field 
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(b) 


Figure  3.1  (a)  Relative  positions  of  electrodes,  fields,  and  current 

sheet  in  the  parallel  plate  plasma  accelerator. 


(b)  Reference  frame  used  throughout  this  thesis. 
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Figure  3.2  Ion  and  electron  orbits,  in  the  reference  frame  of  the 
moving  current  sheet,  as  they  are  reflected  from  the 
interface  at  the  edge  of  the  plasma. 
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was  produced  in  the  magnetic  field  region  since  the  ions  which  had  a 
larger  radius  of  gyration  penetrated  further  into  the  magnetic  field  re¬ 
gion  than  the  electrons.  The  ions  described  a  very  shallow  orbit  since 
they  were  accelerated  far  more  by  the  electric  field  than  the  magnetic 
field.  On  the  other  hand,  the  electrons  underwent  a  very  wide  orbit 
since  they  gained  considerable  momentum  from  an  15  x  13  drift. 

3.3  Experimental  observations 

A  considerable  amount  of  experimental  work  has  been  carried 
out  since  Rosenbluth  first  proposed  the  method  of  accelerating  a  plasma 
with  a  current  sheet.  Much  of  this  has  been  directed  towards  gaining  an 
understanding  of  the  microstructure  of  the  current  sheet  itself.  A 
brief  summary  of  some  of  the  more  important  results  is  presented  in  this 
section. 

Experimental  observation  showed  that  all  current  sheets  had  a 
width  varying  from  less  than  1  cm  to  3  or  4  cm  depending  on  gas  type  and 
pressure.  The  assumption  of  a  thin  current  sheet  separating  the  magnet¬ 
ic  field  region  from  the  plasma  could  not  be  used  therefore,  to  describe 
these  current  sheets. 

However,  as  Rosenbluth  hypothesized,  the  observed  current  sheets 

acted  as  efficient  pistons  snowplowing  the  bulk  of  the  gas  to  current 

5  6  3 

sheet  speed.  Lovberg  ’  and  Pert  reported  efficient  snowplowing  in  hy- 

g 

drogen  at  0.35  and  0.1  torr  respectively.  Burton  and  Jahn  found  that 

96%  of  the  gas  was  swept  up  by  a  current  sheet  propagating  into  argon  at 

4 

0.12  torr.  One  exception  was  found  in  0.5  torr  of  hydrogen  by  Pert  . 

The  current  sheet  was  not  an  efficient  piston  since  gas  bubbles  were 
found  which  had  detatched  themselves  from  the  rear  of  the  current  sheet. 
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Rosenb luth T s  model  predicted  acceleration  of  ions  by  a  space 
charge  electric  field  Ey .  In  several  instances  the  measured  Ey  was  in¬ 
sufficient  to  accelerate  the  ions  to  current  sheet  speed.  Lovberg^  found 
Ey  throughout  most  of  the  current  sheet  to  be  ten  times  smaller  than 
required  to  accelerate  the  ions  in  hydrogen  at  0.3  torr .  However,  near 
the  cathode  he  found  that  Ey  rose  to  a  sufficient  value  to  accelerate  the 

O 

ions  to  current  sheet  speed.  Burton  and  Jahn  measured  Ey  in  argon  at 

0.12  torr  to  be  large  enough  to  provide  only  one  half  of  the  energy  that 

an  ion,  travelling  at  current  sheet  speed,  would  have.  In  hydrogen  at 
4 

0.5  torr  Pert  found  that  Ey  was  negative  in  the  front  region  of  the  cur¬ 
rent  sheet.  This  negative  Ey  would  accelerate  ions  in  the  opposite  dir¬ 
ection  to  the  current  sheet.  However,  Lovberg^  using  nitrogen  at  0.09 
torr  and  Pert  using  hydrogen  at  0.1  torr  found  a  sufficiently  large  Ey 
to  accelerate  the  ions  to  the  speed  of  the  current  sheet. 

Inconsistencies  in  observed  values  of  Ey  led  to  differing  opin¬ 
ions  on  the  identity  of  the  current  carrier  in  the  current  sheet.  Lov- 
5  9 

berg  with  hydrogen  at  0.35  torr,  Johannson  with  hydrogen  at  0.1  torr 

g 

and  nitrogen  at  0.05,  0.1,  and  0.4  torr  and  Burton  and  Jahn  with  argon 
at  0.12  torr,  attributed  a  large  portion  of  the  current  to  the  ions.  Ion 
displacement  current,  hypothesized  Lovberg^,  was  responsible  for  most  of 

g 

the  current  flow.  Burton  and  Jahn  said  that  since  Ey  was  insufficient 

to  accelerate  the  ions  they  were  accelerated  by  a  x  B  force,  hence  they 

9 

carried  a  large  fraction  of  the  current.  Sufficient  ions,  Johannson 
claimed,  were  funneled  to  the  cathode  to  carry  all  of  the  current  due  to 
a  tilt  in  the  shock  wave  accompanying  the  current  sheet.  Similarly, 
Lovberg^  maintained  that  since  Ey  was  large  enough  to  accelerate  the  ions 


■ 
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to  current  sheet  speed  in  nitrogen  at  0.09  torr  the  current  was  carried 

3 

by  electrons.  Pert  found  that  Ey  was  sufficient  to  drive  all  of  the 
current  in  the  sheet  through  an  _E  x  ]3  drift  of  the  electrons  towards  the 
anode . 

The  model  of  Rosenbluth  assumes  the  current  sheet  to  be  planar 
and  perpendicular  to  the  current  sheet  velocity.  Some  authors  have  ex¬ 
perimentally  found  this  to  be  the  case,  others  have  observed  an  irregular 

shaped  current  sheet  and  a  tilted  current  sheet.  No  tilt  was  observed 

5  6.  q 

by  Lovberg  ’  in  hydrogen  at  0.35  and  0.3  torr.  Burton  and  Jahn  found 

a  slight  tilt  [3°  to  5°]  in  argon  at  0.12  torr  and  Pert^  found  the  bulk 

of  the  current  sheet  in  hydrogen  at  0.1  torr  to  be  perpendicular  to  the 

electrodes.  However,  at  0.5  torr  of  hydrogen  Pert^  found  that  the  bulk 

of  the  current  flow  was  inclined  to  the  electrode  perpendicular.  An  in- 

clination  of  about  30°  was  observed  in  nitrogen  at  0.12  torr  by  Lovberg 

9 

and  Johansson  using  hydrogen  at  0.1  torr  and  argon  at  0.05,  0.1,  and  0.4 
torr  found  the  current  sheet  to  be  tilted  anywhere  from  30°  to  50°.  Fur¬ 
thermore  this  observed  tilt  did  not  vary  systematically  with  gas  pressure. 
In  all  of  these  cases  the  current  sheet  was  tilted  such  that  the  portion 
nearest  the  anode  travelled  ahead  of  that  portion  nearest  the  cathode. 

It  should  be  noted  that  all  of  the  plasma  accelerators  used  to 
obtain  the  previously  described  results  were  designed  to  create  a  magnet¬ 
ic  field  which  would  not  vary  in  the  z  direction  or  correspondingly  in 
the  e  direction  for  cylindrical  type  discharges.  Lovberg'*  found  the  cur¬ 
rent  sheet  in  hydrogen  at  0.35  torr  not  to  vary  with  z  over  the  central 

3 

region  and  similarly  Pert  ,  with  hydrogen  at  0.1  torr,  observed  the  mag¬ 
netic  field  to  be  constant  with  z  at  the  midplane  of  the  current  sheet. 
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In  the  above  cases  the  current  sheet  velocity  varied  from  4 
cm/psec  to  8  cm/jjsec. 

Evidently  experimental  inconsistencies  exist  between  results 
reported  by  different  authors.  A  wide  range  of  tilt  angles  have  been 
observed  and  many  different  values  for  Ey  have  been  measured  which  have 
led  to  varied  opinions  on  current  partitioning  between  ions  and  electrons. 
3.4  Advanced  theoretical  models 

Since  Rosenbluth's  model  is  inadequate  to  describe  the  comp¬ 
licated  current  sheet  structures  observed  experimentally,  several  au¬ 
thors  have  developed  more  elaborate  mathematical  models  which  predict 
some  of  the  observed  details  of  the  current  sheet . 

Khizhnyak  and  Kalmykov^  have  shown  that  an  oscillating  elec¬ 
tric  field  could  be  generated  leading  to  closed  current  loops  behind  the 
current  sheet.  Using  the  equations  of  motion  describing  a  charged  par- 

tide's  orbit,  Kulinski  has  shown  that  charged  particles  can  be  re- 

12  13 

fleeted  by,  trapped  in,  or  pass  through  a  current  sheet.  Pert  ’  has 
examined  the  current  sheet  structure  under  steady-state  conditions  for 
two  regimes,  the  first  being  an  ionizing  current  layer  propagating  into 
a  cold  non-ionized  gas  using  a  collision-free  approximation.  He  also 
examined  a  singly  ionizing  current  sheet  matching  a  collisionless  model 
for  the  front  of  the  sheet  to  a  collision-dominated  magnetohydrodynamic 
two-fluid  calculation  for  the  back  of  the  sheet. 

Unfortunately  these  models  do  not  incorporate  a  tilt  in  the 
current  sheet  or  predict  the  occurrence  of  one.  However,  several  authors 
have  conjectured  possible  reasons  for  the  tilt  but  so  far  none  have  pro¬ 
duced  a  mathematical  model  with  tilt.  Pert^  attributed  the  tilt  to  an 


16 


electron  Hall  parameter  of  about  unity.  Kvartskhava,  et .  al.^  say  the 
tilt  is  caused  by  sputtering  of  ions  from  the  cathode.  The  emitted  ions 
constitute  a  local  current  in  the  opposite  direction  thus  they  are  acc¬ 
elerated  in  the  opposite  direction  to  the  bulk  of  the  current  sheet,  re¬ 
tarding  the  forward  motion  of  the  sheet  near  the  cathode. 

In  the  following  chapter  experimental  observations  are  reported 
in  an  attempt  to  elucidate  the  tilting  phenomenon  of  the  current  sheet . 
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CHAPTER  4 

EXPERIMENTAL  RESULTS 

4.1  Validation  of  magnetic  and  electric  probe  diagnostics 

Various  tests  were  performed  on  the  probes  while  they  were  in 
the  current  sheet  to  ensure  that  stray  magnetic  or  electric  pick-up  was 
negligible.  A  substantial  magnetic  induction  was  observed  only  in  the 
z  direction.  Any  other  orientation  of  the  magnetic  probe  resulted  in 
negligible  signal  which  implied  that  electrostatic  pick-up  by  the  probe 
was  small.  Screening  due  to  boil-off  of  the  glass  tube  appeared  to  be 
negligible  since  the  magnetic  induction  measured  was  independent  of  the 
alignment  of  the  probe  shaft  with  the  three  probing  axes.  This  indepen¬ 
dence  also  indicated  that  unwanted  magnetic  pick-up  was  not  recorded. 

In  addition,  the  signal  from  a  probe  was  not  altered  when  another  probe 
was  brought  into  the  vicinity  of  the  current  sheet  implying  that  the 
probe  did  not  alter  the  magnetic  induction  appreciably. 

Effective  magnetic  screening  of  the  electrostatic  probe  was 
shown  by  a  negligible  measured  field  in  the  z  direction.  It  was  assumed 
that  spatial  differences  in  electron  thermal  energy  were  small  so  dif¬ 
ferences  in  floating  potential  were  taken  to  be  equivalent  to  differences 
in  plasma  potential  between  two  points  in  the  current  sheet  [  see 
Lovberg'7  ]  .  Thus  the  measured  voltage  was  used  directly  to  calculate 
the  electric  field  in  the  current  sheet. 

4.2  Inductance  of  system 

The  period  of  the  total  current  oscillation  was  measured  to  be 
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8.6  ps .  This  oscillation  decayed  to  1/e  of  its  original  magnitude  in 

about  4  oscillations.  Assuming  the  plasma  gun,  connecting  leads,  and 

capacitor  to  be  a  series  R-L-C  circuit  with  the  14.5  pF  energy  storage 

capacitor  charged  to  16  kV,  the  inductance,  resistance  and  peak  current 

can  be  found.  The  calculated  values  were  as  follows:  inductance  -  0.13 

_3 

pH,  resistance  -  7.5  x  10  ohm,  peak  current  -  158  kA. 

4.3  Magnetic  induction  and  electric  field  strength  measurements 

Horizontal  probing  at  points  along  the  z  axis  indicated  the 

current  sheet  to  be  flat  and  parallel  to  the  back-plate  for  a  width  of 

6  cm  in  helium  and  4  cm  in  nitrogen.  This  flat  parallel  region  was 

centered  on  the  y  axis.  In  both  helium  and  nitrogen  the  current  density 

was  less  at  the  outside  edges  of  the  current  sheet  than  in  the  middle 

5  3 

flat  region.  Lovberg  and  Pert  reported  finding  a  flat  parallel  region 
with  respect  to  the  z  axis  as  well. 

Table  4.1  summarizes  the  parameters  measured  in  the  plasma 
accelerator.  A  maximum  error  is  indicated  for  the  value  of  each  param¬ 
eter.  The  following  paragraphs  describe  the  method  used  for  obtaining 
the  values  as  well  as  the  significance  of  them. 

Current  sheet  velocity  was  determined  by  plotting  time  of  ar¬ 
rival  of  two  different  magnitudes  of  magnetic  induction  at  various 
points  along  the  y  axis.  Figures  4.1  and  4.2  display  the  results  for 
helium  and  nitrogen  respectively  at  the  four  pressures  used  for  each. 
There  was  some  discrepancy  between  velocity  of  the  first  part  of  the 
current  sheet  and  velocity  of  the  second.  This  can  be  attributed  to  an 
expanding  or  contracting  of  the  current  sheet  and  an  average  of  the  two 
values  gives  a  fairly  accurate  velocity  for  the  current  sheet.  Each 
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GAS 

PRESSURE 

CAPACITOR  VOLTAGE  ( 

CURRENT  SHEET  VEL. 

FILLING  DENSITY 

torr  ±10% 

kV  ±10% 

cm/ps  ±15% 

10^  atoms/cm^  ±12% 

He 

0.1 

16 

7.1 

3.2 

He 

0.25 

16 

6.7 

8.0 

He 

0.5 

16 

6.2 

16.0 

He 

0.75 

16 

5.8 

24.0 

n2 

0.07 

16 

6.9 

4.5 

n2 

0.1 

16 

5.6 

6.4 

N2 

0.3 

16 

4.3 

19.3 

n2 

0.5 

16 

3.3 

32.2 

SHEET  WIDTH  AT 

x  =  0  Bz  RANGE 

Ey  RANGE 

TILT  ANGLE 

cm  ±20% 

weber /m^ 

±10% 

10^  volts/m  ±10% 

degrees  ±35% 

from 

to 

from  to 

6.2 

0.13 

0.78 

-16.0  26.7 

27 

4.9 

0.13 

0.78 

-10.7  32.0 

46 

4.6 

0.13 

0.78 

-16.0  32.0 

34 

4.9 

0.13 

0.78 

-21.3  32.0 

38 

7.4 

0.13 

0.78 

-26.7  21.3 

19 

6.0 

0.13 

0.78 

-21.3  21.3 

31 

0.9 

0.13 

0.78 

-26.7  26.7 

39 

0.6 

0.13 

0.78 

-32.0  10.7 
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Table  4.1  Parameters  measured  in  the  plasma  accelerator. 
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Figure  4.1  Helium  velocity  measurements. 
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TIME  jus 


Figure  4.2  Nitrogen  velocity  measurements. 
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plot  is  accompanied  by  an  average  velocity  value  which  is  also  listed  in 
table  4.1.  A  pressure  dependence  on  velocity  was  quite  evident  with  an 
increase  in  pressure  resulting  in  a  decrease  in  velocity.  Figure  4.3 
shows  this  dependence.  The  velocity  varies  linearly  with  pressure  over 


PRESSURE  torr 

Figure  4.3  Relationship  between  gas  pressure  and  current  sheet  velocity. 

most  of  the  region.  For  low  pressure,  however,  there  is  a  large  increase 
in  velocity  resulting  in  a  departure  from  linearity. 

Background  filling  density  was  calculated  from  the  pressure 
readings  using  the  ideal  gas  law  for  a  temperature  of  80°  F.  Nitrogen, 
being  diatomic,  has  twice  as  many  atoms/cm  as  helium  for  the  same  pres¬ 


sure  . 
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Current  sheet  width  was  calculated  at  x  =  0  and  z  =  0  by  mult- 
iplying  the  difference  in  arrival  time  of  the  front  and  the  rear  of  the 
current  sheet  at  y  =  0  by  the  average  current  sheet  velocity.  The  ar¬ 
rival  times  were  taken  from  figures  4.4  to  4.7  which  are  magnetic  induc¬ 
tion  profiles  in  the  x  -  t  frame.  These  figures  are  discussed  in  the 

o 

next  paragraph.  A  value  of  0.13  weber /m  was  used  for  the  front  of  the 
current  sheet  and  0.78  weber /m  for  the  rear.  The  0.0  weber /m  value 
was  not  used  since  it  was  difficult  to  ascertain  its  position  due  to 
noise  on  the  first  part  of  the  signal.  Current  density  decreased  sharp- 
ly  beyond  the  0.78  weber/m  profile  line  so  it  was  taken  as  the  rear 
cut-off  for  the  sheet.  In  nitrogen  for  the  two  highest  pressures  0.65 
weber /m  was  used  for  the  rear  of  the  sheet.  A  pressure  dependence  is 
again  evident.  Increasing  the  pressure  results  in  a  decrease  in  current 
sheet  width.  This  is  much  more  evident  in  nitrogen  than  in  helium  since 
nitrogen  ranges  from  a  very  diffuse  current  sheet  to  a  very  compact 
sheet,  whereas  helium  stays  quite  diffuse  over  the  entire  pressure 
range. 

Figures  4.4  to  4.7  were  plotted  to  indicate  the  shape  of  the 
current  sheets  and  more  specifically  the  tilt  of  the  current  sheets. 

They  show  the  magnetic  induction  at  y  =  0  and  z  =  0  for  various  x  and  t 
values  for  the  four  pressures  used  in  both  helium  and  nitrogen.  The  cur¬ 
rent  sheets  in  helium  at  each  pressure  and  nitrogen  at  the  two  lowest 
pressures  are  extremely  diffuse  and  irregular  in  shape  as  shown  by  fig¬ 
ures  4.4  to  4.6.  With  current  sheets  of  this  type  it  is  very  difficult 
and  probably  meaningless  to  specify  a  tilt  angle  for  the  sheet  since  the 
angle  of  the  tilt  varies  throughout  the  current  sheet.  The  tilt  angle 
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DISTANCE  ALONG  x  cm 


DISTANCE  ALONG  x  cm 


Figure  4.4  Helium  magnetic  induction  profiles. 
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DISTANCE  ALONG  x  cm  DISTANCE  ALONG  x  cm 


Figure  4.5  Helium  magnetic  induction  profiles. 
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DISTANCE  ALONG  x  cm  DISTANCE  ALONG  x  cm 


Figure  4.6  Nitrogen  magnetic  induction  profiles. 
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DISTANCE  ALONG  x  cm  DISTANCE  ALONG  x  cm 


Figure  4.7  Nitrogen  magnetic  induction  profiles. 
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listed  in  table  4.1  was  measured  in  the  region  of  highest  current  densi¬ 
ty  in  the  current  sheet  near  the  anode  [  that  is  x  >  0  ] .  Thus  the  tilt 
angle  recorded  is  the  maximum  tilt  of  the  0.39  weber /m  profile  line 
over  the  upper  half  of  the  current  sheet.  In  nitrogen  at  0.3  and  0.5 
torr  it  was  much  easier  to  specify  a  tilt  angle  for  the  current  sheets 
since  they  were  almost  planar.  These  helium  and  nitrogen  tilt  angles 

9 

are  comparable  to  those  reported  by  Johannson  for  argon  and  hydrogen. 

Similar  to  his  findings  there  was  no  systematic  variation  in  tilt  angle 

with  pressure  changes.  In  both  helium  and  nitrogen  the  current  sheet 

having  the  least  tilt  in  the  region  described  above  was  the  current 

sheet  at  lowest  pressure.  As  pressure  increased  the  tilt  angle  increased 

3  4 

then  decreased.  Unlike  the  results  reported  for  hydrogen  *  ,  there  was 
no  transition  between  a  perpendicular  and  a  tilted  sheet  in  this  pres¬ 
sure  range. 

In  helium  the  current  density  was  from  2  to  3  times  greater  at 
the  cathode  than  at  the  anode.  There  was  a  progressive  increase  in  cur¬ 
rent  density  near  the  cathode  [  x  =  -0.8  ]  as  pressure  was  increased. 

As  can  be  seen  in  figures  4.4  and  4.5  the  current  sheet  was  wider  at  the 
anode  than  at  the  cathode.  Figures  4.4  and  4.5  also  show  that  the  current 
in  the  rear  portion  of  the  sheet  does  not  go  directly  to  the  cathode  but 
travels  through  the  gas  near  the  cathode  back  towards  the  back— plate  of 
the  gun. 

The  same  concentration  of  current  near  the  cathode  was 
evident  in  nitrogen  at  0.07  and  0.1  torr  near  the  cathode.  But  the  var¬ 
iation  between  anode  and  cathode  was  not  quite  as  strong  as  that  in 
helium.  However,  at  pressures  of  0.3  and  0.5  torr  the  current  sheets 
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were  almost  planar  with  little  variation  in  current  density  with  changes 
of  x.  Current  travelling  parallel  to  the  electrodes  was  also  noticed  in 
nitrogen  at  0.07  and  0.1  torr  as  indicated  in  figure  4.6.,  but  no  such 
current  was  evident  in  figure  4.7  for  0.3  and  0.5  torr  of  nitrogen. 

Unlike  Lovberg"*,  who  found  the  magnetic  induction  behind  the 
current  sheet  to  be  constant,  the  magnetic  induction  was  33%  more  at 
y  =  -3  than  y  =  0  in  helium  and  25%  larger  in  nitrogen.  This  fact  was 
observed  from  the  magnetic  induction  signals  used  to  obtain  current 
sheet  velocities.  This  seems  to  indicate  the  current  sheets  can  not  be 


cons 


idered  to  be  efficient  pistons  sweeping  up  all  the  gas  in  their 


path.  However,  this  extra  current  flowing  behind  the  current  sheet  could 
be  carried  by  material  ablated  off  the  back-plate  of  the  gun.  One  mono- 
layer  from  the  back-plate  would  be  sufficient  to  carry  this  amount  of 
current  during  the  traversal  of  a  current  sheet  down  the  gun.  A  sub¬ 
stantial  amount  of  material  was  eroded  from  the  back-plate  after  many 
firings  of  the  accelerator  implying  that  this  material  was  available  to 
carry  the  extra  current.  If  this  was  the  case  then  the  current  sheet 

could  be  considered  to  be  an  efficient  piston  as  noted  by  other  auth- 
3, 5, 6, 8 

ors 


Electric  field  strength,  Ey,  was  plotted  in  the  x  -  t  frame  in 
order  to  determine  the  accelerating  mechanism  for  the  ions  in  the  current 
sheet.  Figures  4.8  to  4.11  show  these  profiles.  Unlike  most  authors 
but  similar  to  Pert's  observation^  there  was  a  region  in  the  current 
sheet  where  Ey  was  negative.  The  reason  for  the  occurrence  of  this  neg¬ 
ative  axial  field  region  is  not  known. 

It  is  generally  assumed  that  for  electrons,  in  current  sheets, 
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Figure  4.8  Helium  electric  field  strength  profiles. 
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DISTANCE  ALONG  x  cm  DISTANCE  ALONG  x  cm 


Figure  4.9  Helium  electric  field  strength  profiles. 
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DISTANCE  ALONG  x  cm  DISTANCE  ALONG  x  cm 


Figure  4.10  Nitrogen  electric  field  strength  profiles. 
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DISTANCE  ALONG  x  cm 


Ey  (  5.33  x  103  V/m  ) 


DISTANCE  ALONG  x  cm 


Figure  4.11  Nitrogen  electric  field  strength  profiles. 
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Wbetce  >  1  thuS  the  electrons  would  move  in  an  E  x  B  drift3,9.  When  Ey 
is  negative  this  _E  x  IB  drift  is  towards  the  cathode,  thus  the  electrons 
so  drifting  create  a  negative  current.  In  order  for  positive  current  to 
flow,  ions  must  travel  towards  the  cathode  in  these  regions  of  negative 
Ey .  Thus  ions  constitute  a  current. 

In  helium,  figures  4.8  and  4.9  show  the  region  of  negative  Ey 
to  be  quite  small  and  located  in  the  front  portion  of  the  current  sheet 
adjacent  to  the  cathode.  As  the  gas  pressure  was  increased  this  region 
increased,  including  more  volume  in  the  current  sheet.  Figures  4.10  and 
4.11  show  that  this  region  was  even  larger  in  nitrogen  and  also  increased 
with  pressure  until  it  extended  to  the  anode.  Accompanying  the  increase 
in  area  was  an  increase  in  magnitude  as  well.  At  0.5  torr  of  nitrogen 
the  current  sheet  was  almost  entirely  covered  by  a  negative  Ey. 

If  it  is  assumed  that  this  negative  field  retarded  electron 
current,  or  alternatively,  enhanced  ion  current  then  ion  current  was  a 
small  fraction  of  the  total  current  at  low  pressures  in  helium  but  grad¬ 
ually  built  up  with  pressure  until  at  high  pressure  in  nitrogen  ion  cur¬ 
rent  constituted  the  majority  of  the  total  current. 

In  the  regions  where  Ey  was  positive  the  electrons  carried  the 
current  and  thus  were  accelerated  by  a  j  x  B  force  and  dragged  the  ions 
behind  them  with  the  space  charge  field  Ey.  Where  Ey  was  negative,  ions 
carried  the  current  and  were  accelerated  by  a  j_  x  B  force. 

With  regards  to  the  tilting  phenomenon  it  was  noticed  that,  in 
general,  in  regions  where  the  electric  field  strength  was  large,  either 
positive  or  negative,  the  current  sheet  tended  to  be  perpendicular  to 
the  electrodes.  Consequently  the  electric  field  strength  has  an  import- 
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ant  effect  on  the  current  sheet  tilt,  though  the  detailed  mechanism  by 
which  this  occurs  is  presently  unknown. 
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CHAPTER  5 

CONCLUSIONS  AND  SUGGESTIONS  FOR  FURTHER  WORK 

5.1  Conclusions 

Current  sheet  tilt  is  not  an  obvious  function  of  gas  pressure. 
There  was  no  monotonic  increase  or  decrease  with  pressure  changes > 
instead  the  tilt  angle  increased,  then  decreased,  as  pressure  was  in¬ 
creased  . 

The  tilt  of  the  current  sheet  may  be  linked  with  the  axial 
electric  field  since  the  presence  of  a  strong  axial  field  corresponded 
to  more  perpendicular  parts  of  the  current  sheet. 

The  axial  electric  field  strength  profiles  were  quite  start¬ 
ling  since  a  region  of  negative  axial  field  was  observed.  This  negative 
field  adjacent  to  the  cathode  has  not  been  previously  charted.  It  will 
undoubtedly  necessitate  a  major  change  in  existing  experimental  models. 

Current  partitioning  between  ions  and  electrons  varied  with 
gas  pressure  and  type.  In  helium  at  low  pressure  ions  carried  only  a 
small  fraction  of  the  current  in  the  sheet  in  a  small  region  next  to  the 
cathode.  As  pressure  was  increased  the  ions  carried  more  current  until 
at  0.75  torr  they  carried  almost  all  of  the  current  in  the  lower  half  of 
the  current  sheet.  The  ions  carried  all  of  the  current  in  the  lower 
half  of  the  current  sheet  in  nitrogen  at  0.07  torr  and  as  pressure  was 
increased  up  to  0.5  torr  the  ions  carried  almost  all  the  current  in  the 


sheet . 


..  . 


.. 
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5.2  Suggestions  for  further  work 

Upon  observing  the  detailed  profiles  presented  it  can  be  seen 
that  the  tilting  phenomenon  is  much  more  complex  than  it  was  originally 
thought  to  be.  In  order  to  solve  this  enigma,  complete  profiles  will 
have  to  be  obtained  for  electron,  ion  and  neutral  number  density  and 
temperature.  When  this  is  accomplished  it  should  be  possible  to  pro¬ 
duce  a  mathematical  model  which  will  describe  the  microstructure  of  the 
current  sheet  and  explain  the  tilting  phenomenon. 
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APPENDIX  A 

MAGNETIC  INDUCTION  PROFILES 

A.l  Current  strip  model 

Magnetic  induction  in  the  current  sheet  is  a  direct  consequence 
of  current  flowing  in  the  plasma  accelerator.  A  current  sheet  can  be 
crudely  repiesented  by  a  collection  of  current  strips  as  shown  in  figure 

A.l. 


Figure  A.l  Collection  of  current  strips  simulating  a  current  sheet. 

If  this  model  is  given  the  dimensions  of  the  parallel  plate 
plasma  accelerator  discussed  in  this  thesis  then  the  magnetic  induction 
produced  in  this  model  should  approximate  that  measured  in  the  current 
sheet.  To  ensure  that  conditions  are  similar,  the  current  strip  model 
is  assumed  to  be  in  motion  so  that  the  current  strips  pass  an  observation 
point  4.4  cm  to  the  right  of  the  stationary  source.  Thus  the  current 
strips  are  moving  away  from  the  current  source.  Assuming  the  current 
strips  to  be  8  cm  wide,  2.4  cm  long,  and  separated  by  2  mm  the  magnetic 
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induction  would  be  as  shown  in  figure  A. 2. 
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Figure  A. 2  Magnetic  induction  produced  by  current  strips. 

Profile  lines  indicate  position  of  constant  magnetic  induction. 

Now  as  indicated  in  figure  A. 2  the  magnetic  induction  calcu¬ 
lated  is  a  function  of  time  since  the  current  path  changes  with  time. 

The  current  strips  have  been  superimposed  on  this  x  -  t  profile  in  order 
to  indicate  the  position  they  occupied  when  each  magnetic  induction  pro¬ 
file  line  was  calculated. 

Figure  A. 3  shows  the  same  profile  as  figure  A. 2  with  the  cur¬ 
rent  strips  moving  by  the  observation  point  at  2  cm/jis  [  t  =  0  is  arbi¬ 
trary  ] .  The  magnetic  induction  lines  are  shown  to  be  almost  straight 
and  perpendicular  to  the  source  and  sink  current  strips.  Thus  if  the 
current  flowing  in  the  current  sheet  is  perpendicular  to  the  accelerator 
electrodes  the  magnetic  induction  profile  in  the  sheet  should  be  perp¬ 
endicular  to  the  electrodes  as  this  model  indicates. 

From  the  above  discussion  a  typical  magnetic  induction  trace 
measured  from  the  current  sheet  would  appear  as  in  figure  A. 4.  Oscillo- 


scope  traces  were  observed  to  have  this  form. 


DISTANCE  ALONG  x  cm 
C  =  I  x  10  ^  weber/m^ 

Figure  A. 3  Magnetic  induction  profile  for  current  strip  model. 

Lines  indicate  position  of  constant  magnetic  induction. 


Figure  A. 4  Typical  magnetic  induction  oscilloscope  trace. 
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